ABSTRACT. When plotted on a SD-SISO diagram, the isotope values of basal ice formed by refreezing of melt water beneath the cold-based margin of a corrie glacier lie on a straight line with a slope of 5.5. This freezing slope differs from a slope of 7.2 for the basal ice layer of the cold-based ice cap, Balgesvarri, which has not undergone refreezing. The latter slope is similar to that of 7.7 for the local precipitation . Co-isotope measurements from the two glaciers support the associatIOn of subglacial debris entrainment with refreezing processes.
INTRODUCTION
Subglacial thermal conditions have a fundamental bearing on processes of erosion and debris entrainment, and on resulting land-form patterns in the marginal zones of glaciers (e.g. Weertman, 1961; Boulton, 1972; Menzies, 1981) . Recent theoretical and empirical studies have demonstrated the value of combined DD and SISO measurements in interpreting the thermal history of glacier ice (Jouzel and Souchez, 1982; Souchez and Jouzel, 1984; Lorrain and Demeur, 1985; Souchez and de Groote, 1985; Sugden and others, 1987) . In particular, since water undergoes isotopic fractionation on freezing, it is possible to distinguish unmodified glacier ice from basal ice which has undergone refreezing. On a oD-oISO diagram, the isotopic values for precipitation generally plot on a straight line with a slope of about 8, the world meteoric line (Craig, 1961; Dansgaard, 1964) , as does glacier ice that has not undergone phase changes. Ice which has undergone refreezing . demonstrates a different slope, the magnitude depending on the intial 0 values of the melted ice at the beginning of refreezing (Jouzel and Souchez, 1982; Souchez and Jouzel, 1984; Souchez and de Groote, 1985) .
The aim of this note is to report the results of combined DD and SISO measurements from two glaciers in mantlme north Norway and their implications for the thermal history of the ice and observed variations in debris entrainment. One of the glaciers is a cold-based ice cap. The other, a corrie glacier, is probably warm-based but has a front margin that is subject to a strong winter cooling effect, a product of which is the freezing of fluted till on to the sole of the glacier.
STUDY AREA
The southern Lyngen peninsula (Iat . 70 ON.; long. 20 o E.) contains a range of glacier types including small plateau ice caps, corrie, and valley glaciers (Gellatly and others, 1986; Gordon and others, 1987) . Balgesvarri (1625 m a.s.l.) ( Fig. 1 ) is a plateau ice cap at the head of Lyngsdalen c. 0.6 km 2 in area and about 60 m thick. Recent net annual accumulation measured in summit snow pits is less than I m a-I (water equivalent). Excavations at the ice edge have revealed that the margin of the ice cap is frozen to the underlying block field and that no debris is entrained in the basal ice layers (Whalley and others, 1981) . Estimates of basal ice temperatures using a simple column model (Budd and others, 1971) for the accumulation area and a modification of the Robin model for the ablation area (Robinson, 1984) suggest that the entire ice cap is cold-based. In summer, permafrost exists at a depth of 0.6--{).7 m beneath the surface of nearby ice-free block fields. "Flutes Glacier" (an informal name) is a lA km long corrie glacier extending from about 800 m to 1050 m a .s.1. on the south side of Sydbreen in Lyngsdalen (Fig. I) . Fluted till occurs extensively in the glacier forefield. Immediately in front of the glacier it is frozen and can be traced back beneath the glacier as a single debris layer frozen on to clean glacier ice above. Where melted out in the glacier forefield, the fluted till layer is typically 0.3--{) .8 m thick but locally exceeds 1.5 m . The presence of the fluted till, generally believed to form under warm-based ice (Boulton, 1976) , suggests that "Flutes Glacier" has a warm-based sector up-glacier from a cold-based margin . Estimates of basal ice temperatures using a modification of the Robin model (Robinson, 1984) support this inference.
Temperature measurements have not been made at the glaciers. At Lyngseidet (3 m a.s.I.), 16 km north-east from Lyngsdalen, mean annual temperature is +3.3°C; mean , , ... , January temperature, -3 .6 ° C; and mean July temperature, +13 .2°C (1931-60 standard normals). Assuming a lapse rate of O.s°C/ IOO m (Laaksonen , 1976) , estimated mean annual temperatures at "Flutes Glacier" are -fJ.7° to -{).2 ° C and at Balgesvarri summit, -4.8°C.
SAMPLE COLLECTION AND ANALYSIS
Samples were collected from (I) the basal ice layer of Balgesvarri; (2) the basal debris layer of "Flutes Glacier", comprising the fluted till frozen to the glacier sole (samples were collected from this layer laterally across the ice front and not in a vertical stratigraphical profile); (3 ) surface glacier ice and surface melt water in the area between the ice front and transient snow line on "Flutes Glacier"; (4) snow from the 1984-85 winter above the transient snow line and from snow banks in the forefield of "Flutes Glacier"; (5) permafrost in a block field adjacent to Balgesvarri ice cap; (6) summer 1985 rainfall. Where the source material was exposed to the air, the surface 10-15 cm was removed prior to sampling. Samples were collected in polythene bags, sealed, and allowed to melt completely in the shade before being transferred to polypropylene vials with screw caps which were sealed with wax.
Oxygen and hydrogen stable-isotope ratios were measured on a YG-Micromass G02E mass spectrometer. Carbon dioxide for 5 18 0 measurement was prepared by the standard method of equilibration at 25°C with 5 ml sample aliquots, while hydrogen for 50 measurement was prepared by reduction of 10,.11 aliquots with zinc metal at 450°C (Coleman and others, 1982) . Precision is considered to be better than ±0 . 2~ 5 18 0 and ±2~ 50. (Hambrey, 1974) . The mean 5 18 0 value and the estimated mean annual air temperature (-2°C) broadly correspond with the linear relationship demonstrated between these two variables by Dansgaard (1964, fig. 3 ).
When plotted on a 50-5 18 0 diagram (Fig. 2) , the rain and snow measurements show a linear relationship defined by the least-squares regression line, 5D = 7.725 18 0 + 9.66 (,2 = 0.99; standard error of estimate = 1.77~). This line is considered to represent the local meteoric line. The 5D and 5 18 0 values from the basal ice of Balgesvarri ice cap plot on a line with the form 5D = 7.155 18 0 + 2.49 (,2 = 0.99; standard error of estimate = 0 . 59~) which closely approximates the slope of the local meteoric line. This demonstrates that the ice has not undergone melting-refreezing processes during its transfer from the accumulation area to its position at the base of the glacier near the ice margin . However, the isotopic values from the basal debris layer of "Flutes Glacier" lie on a straight line with a different slope defined by the least-squares regression, 5D = 5.456 18 0 -14.41 (,2 = 0.95; standard error of estimate = 2. 79~). The slope of this line is typical of that arising from a freezing or melting-refreezing process under closed system conditions (Jouzel and Souchez, 1982; Souchez and Jouzel, 1984; Souchez and de Groote, 1985) . The initial composition of the parent waters is normally defined by the intersection of the freezing line with the meteoric line (Jouzel and Souchez, 1982; Souchez and Jouzel, 1984) , in this case 60 = -72 . 2~ and 5 18 0 = -1O . 6~, However , with one exception, all of the samples measured in this study are relatively lighter than this value. We therefore suggest an initial composition defined by the mean values of the ~180%O -18 -17
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-120 (1982) , the theoretical slope for the evolution during freezing of parent waters with this composition would be 5.7 or 6.4 using the two somewhat different equilibrium fractionation factors employed by Jouzel and Souchez (1982) and Souchez and Jouzel (1984) . The slope of 5.5 measured in this study is close to the first figure and, particularly in view of the spread in experimental determinations of icewater isotopic fractionation factors (Moser and Stichler, 1980) , is therefore considered to be in good agreement with the Jouzel-Souchez model. The surface-ice and melt-water samples appear to be relatively depleted in 1BO compared with the local rainwater and snow (Fig. 2) . However, it is not clear if this is a real effect or a function of sampling error, and we have not investigated for any isotopic changes during the transformation of snow to glacier ice . If the surface-ice and meltwater measurements are combined with those for the rain and snow to calculate the local precipitation slope, the relationship is So = 7.490
1B O + 9.92 (r2 = 0.91; standard error of estimate = 3.25~). The intersection of the freezing slope with this line is at so = -79.5%? and 5 18 0 = -11.9~, which again lies to the right of the main cluster of points on Figure 2 . For parent water of this composition, the calculated freezing slope is 6.5 or 5.8, depending on which deuterium fractionation factor is used.
If the overlap in isotopic composition of the surface ice and melt water with the basal ice is a real effect and the points all lie on the same refreezing line, this raises the question of the extent to which the isotopic characteristics of the "Flutes Glacier" ice, both surface and basal, may have been determined by re freezing near the glacier surface during the transformation from snow to glacier ice. Further work is required to resolve this question.
The two permafrost samples from Balgesvarri plot between the local meteoric line and the freezing line for the basal ice samples from "Flutes Glacier" (Fig . 2) . It is difficult to assess the significance of only two samples but their composition may reflect fractionation during freezing of precipitation that has percolated through the surface block field to the top surface of the permafrost layer.
CONCLUSIONS
The basal ice layers of Balgesvarri and "Flutes Glacier" are distinguished by their combined 50-5 18 0 signatures. On a 50-5 18 0 diagram , measurements from Balgesvarri plot close to the local meteoric line, confirming that the basal ice, which is free of debris , has not undergone refreezing and that the ice cap is cold-based. Measurements from the basal, debris-rich ice of "Flutes Glacier" plot on a straight line with a slope of 5.5, which indicates the operation of melting--refreezing processes. While we are not able to determine conclusively from the isotopic evidence the extent to which the latter occurred near the glacier surface during the transformation from snow to ice and/ or subsequently at the glacier bed, the effective entrainment of the fluted till suggests the presence of a warm-based zone up-glacier from the cold-based margin.
Our results lend support to the empirical and theoretical conclusions of Jouzel and Souchez (I982) and Souchez and Jouzel (1984) , and demonstrate some of the potential of using combined so and S lB O measurements for interpreting the thermal history of basal ice and subglacial processes, including debris entrainment. The two examples studied here support the association of debris entrainment with subglacial re freezing processes. However, in further isotopic studies of the thermal history of basal ice, it would be useful to evaluate the possible contribution of refreezing processes associated with the transformation of snow to ice in the accumulation areas of low-altitude, sub-polar glaciers.
